ABSTRACT: Data from 129,575 Nellore cattle born between 1993 and 2006, belonging to the Jacarezinho cattle-raising farm, were used to estimate genetic parameters for scrotal circumference measured at 9 (SC9), 12 (SC12), and 18 (SC18) mo of age and testicular volume measured at the same ages (TV9, TV12, and TV18) and to determine their correlation with weaning weight (WW) and yearling weight (YW), to provide information for the definition of selection criteria in beef cattle. Estimates of (co)variance components were calculated by the REML method applying an animal model in single-and multiple-trait analysis. The following heritability estimates and their respective SE were obtained for WW, YW, SC9, SC12, SC18, TV9, TV12, and TV18: 0.33 ± 0.02, 0.37 ± 0.03, 0.29 ± 0.03, 0.39 ± 0.04, 0.42 ± 0.03, 0.19 ± 0.04, 0.26 ± 0.05, and 0.39 ± 0.04, respectively. The genetic correlation between WW and YW was positive and high (0.80 ± 0.04), indicating that these traits are mainly determined by the same genes. Genetic correlations between the growth traits and scrotal circumference measures were positive and of low to moderate magnitude, ranging from 0.23 ± 0.04 to 0.38 ± 0.04. On the other hand, increased genetic associations were estimated between scrotal circumference and testicular volume at different ages (0.61 ± 0.04 to 0.86 ± 0.04). Selection for greater scrotal circumference in males should result in greater WW, YW, and testicular volume. In conclusion, in view of the difficulty in measuring testicular volume, there is no need to change the selection criterion from scrotal circumference to testicular volume in genetic breeding programs of Zebu breeds.
INTRODUCTION
In Brazil, genetic breeding programs of beef cattle mainly use productive traits, such as BW at different ages, as selection criteria. These traits are easily measured, are positively correlated with other traits of economic interest, and respond to individual selection because they present heritability coefficients of medium magnitude. Scrotal circumference is a potentially useful indicator of reproductive traits and has been used to compose selection indices for Nellore cattle. This trait is easily measured, highly heritable, and correlated with sperm quality, BW, and reproductive performance (Bourdon and Brinks, 1986; Morris et al., 2000; Boligon et al., 2007; Yokoo et al., 2007; Dias et al., 2008) . Although no strong genetic correlations were detected between scrotal circumference and female reproductive traits, Martínez-Velásquez et al. (2003) concluded that yearling scrotal circumference should respond to direct selection better than age at puberty, age at first calving, and first parity pregnancy. Thus the use of scrotal circumference jointly with female fertility traits in selection programs can improve reproductive performance in beef cattle.
Favorable associations between BW performance and scrotal circumference in beef cattle have been reported over the past years (Pereira et al., 2001; Boligon et al., 2007; Dias et al., 2008) . These authors estimated ge- (Yokoo et al., 2007) . Selection to increasing scrotal circumference will increase BW. However, as pointed out by Boligon et al. (2008a) , long-term selection for BW, even at young ages, will increase the mature BW of the cow and might result in reduction of beef cattle production system efficiency in Brazil due to greater cow maintenance costs.
Studies associating BW and testicular measurements obtained during the different phases of growth are scarce. In this respect, it is not only necessary to determine how these traits respond to selection at different ages, but also the magnitude of correlation between these traits. In addition, some investigators have suggested that in Zebu cattle testicular volume is a more adequate selection criterion for sexual precocity and reproductive performance than scrotal circumference (Bailey et al., 1996; Unanian et al., 2000) . However, there are few genetic parameter estimates for testicular volume in the literature, probably because of the difficulty in measuring this trait in large populations (Toelle and Robinson, 1985) .
The objectives of the present study were to estimate genetic parameters for scrotal circumference and testicular volume measured at different ages and to determine their correlation with weaning weight (WW) and yearling weight (YW) in Nellore cattle, to provide data for the definition of selection criteria in beef cattle.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were from an existing database.
Data from 129,575 Nellore animals born to 1,518 sires and 51,785 cows between 1993 and 2006, from the Jacarezinho cattle raising farm, Valparaíso, São Paulo, Brazil, were used. The following traits were studied: WW and YW of males and females; scrotal circumference measured at 9 (SC9), 12 (SC12), and 18 (SC18) mo of age; and testicular volume measured at the same ages (TV9, TV12, and TV18).
The animals were weighed at weaning (approximately 7 mo of age) and as yearlings (approximately 18 mo of age). Scrotal circumference was measured at the widest point of the scrotum with a specific metal tape. The length and width of the left and right testes were measured with a tachymeter for the calculation of testicular volume. Testicular measurements were obtained from males aged 6 to 20 mo at intervals of approximately 2 mo of age. For the calculation of testicular volume, the following formula which, according to Fields et al. (1979) , provides a good approximation to the value obtained by fluid displacement (i.e., the cylinder formula), was adopted:
where r is the radius calculated based on the width of the testes/2, h is the length or height, and π (Pi) is equal to 3.141592654. Testicular volume is expressed as cubic centimeters and corresponds to the volume of the left and right testes.
The following variables were used for the formation of the contemporary groups for WW: herd, year, month, and management group at birth; herd and management group at weaning; and sex. For YW, the herd and management group as yearlings were also included. For scrotal circumference and testicular volume: herd, year, and month of birth and management group at weaning and as yearlings were considered as variables in the contemporary group. Fixed effects considered for each trait were defined in preliminary analyses. Records for BW, scrotal circumference, and testicular volume outside the range determined by the mean of the contemporary group, plus or minus 3 SD, were excluded. Contemporary groups with fewer than 4 observations were excluded from the data file. The general structure of the data file analyzed is shown in Table 1 .
(Co)variance components were estimated by the restricted maximum likelihood method using a singleand multiple-trait animal model with the WOMBAT program (Meyer, 2006) . The matrix representation of the general model is 
where y = vector of observations; b = vector of fixed effects; a = vector of direct additive genetic effects; m = vector of maternal additive genetic effects; p = vector of maternal permanent environmental effects, and e = vector of residual random errors associated with the observations. X, Z 1 , Z 2 , and Z 3 are incidence matrices related to b, a, m and p to y. It is assumed that It is assumed that m and p are not correlated. For WW, random maternal genetic and permanent environment effects were added to the model. The covariance between direct and maternal genetic effects was set at zero as suggested by Albuquerque and Meyer (2001) . The model included the fixed effects of contemporary groups and the linear and quadratic effects of animal age at measurement and age of cow at calving as covariables. A pedigree file containing the identification of the animal, sire, and dam was used, with the relationship matrix composed of a total of 153,638 animals.
RESULTS AND DISCUSSION
The heritability estimates and their respective SE obtained by single-trait analysis were 0.28 ± 0.01, 0.30 ± 0.01, 0.26 ± 0.05, 0.35 ± 0.05, 0.36 ± 0.04, 0.16 ± 0.04, 0.21 ± 0.08, and 0.28 ± 0.05 for WW, YW, SC9, SC12, SC18, TV9, TV12, and TV18, respectively.
The genetic and environmental variance and heritability estimates for growth and reproductive traits obtained by multiple-trait analysis are shown in Table  2 . The magnitudes of heritability estimates of direct genetic effects obtained for WW and YW were close to those described in the literature for Zebu cattle, with values ranging from 0.16 to 0.37 and from 0.15 to 0.35, respectively (Mercadante et al., 2000; Forni and Albuquerque, 2005; Boligon et al., 2008b) . Heritability of maternal genetic effects for WW obtained by multipletrait analysis also agrees with the range reported in the literature [i.e., 0.06 to 0.18 (Mercadante et al., 2000; Yokoo et al., 2007; Boligon et al., 2008b) ].
The heritability estimates for scrotal circumference measured at different ages were large (Table 2 ) and similar to those reported in the literature (0.25 to 0.53; Forni and Albuquerque, 2005; Boligon et al., 2007; Yokoo et al., 2007) . Albuquerque et al. (2005) also estimated heritability for scrotal circumference at different ages in Nellore cattle by random regression and observed greater heritabilities between 365 and 480 d of age.
The heritability estimates for SC12 and SC18 were markedly greater than those obtained for SC9. This finding suggests that, considering the same intensity of selection at all ages, the response to selection for scrotal circumference should be greater after 12 mo. Similarly, Yokoo et al. (2007) indicated the possibility to select animals with greater scrotal circumference using only circumference measured at 450 d of age because this selection criterion may yield better responses.
The heritability estimates for testicular volume obtained at 18 mo of age were larger than observed in the other ages (Table 2) . In this study, the increase in TV18 genetic variance estimate is greater than would be expected from a scaling effect [i.e., the difference in the variances (as a proportion) is more than the differ- ences in the means]. Thus, after puberty, more genetic variation is expressed for testicular volume. Heritability for testicular volume measured at 12 mo of age (0.26) was greater than that reported by Toelle and Robinson (1985) for Hereford animals of the same age (0.21 ± 0.12). In general, the heritability estimates for testicular volume obtained in the present study suggest that this trait should respond to individual selection and the best age for its measurement is when the animal is 12 mo of age or older. Table 3 shows the estimates of genetic and phenotypic correlations between the traits studied and their respective SE. The genetic correlation observed between WW and YW suggests that the expression of these traits is mainly influenced by the same genes. Thus, genetic gains in WW and YW might be obtained by the correlated responses of these traits. The genetic correlation between these traits is similar to the values reported by Yokoo et al. (2007) and Boligon et al. (2008b) for Nellore cattle, which were 0.95 and 0.81, respectively.
The genetic correlations between scrotal circumferences obtained at different ages were positive and strong, with greater values between adjacent measurements, whereas correlations decreased with increasing interval between ages. Few studies reporting genetic correlations between scrotal circumferences measured at different ages in Nellore cattle are available in the literature. Positive and strong genetic correlations between scrotal circumference measured at different ages, which decreased with increasing interval between measurements, have also been reported by using random regression. Yokoo et al. (2007) Similarly, the genetic correlations between testicular volumes measured from 9 to 18 mo of age were positive and strong, indicating that the expression of these traits is mainly influenced by the same sets of genes. Genetic gains in testicular volume at different ages might be obtained by the correlated responses of these traits.
The genetic correlations between BW traits and scrotal circumference ranged from weak to moderate, thus indicating positive correlated response when selecting for one or more of the traits in the same direction. Positive genetic correlations of medium to high magnitude between BW measured at different ages and scrotal circumference have also been reported by Boligon et al. (2007) , Yokoo et al. (2007) , and Dias et al. (2008) . Correlation estimates between BW at early ages and mature BW are positive and from moderate to strong (Boligon et al., 2008a) . Therefore, the selection indexes currently used for beef cattle in Brazil, including only growth traits such as BW and scrotal circumference, should eventually increase mature cow BW.
Genetic associations between WW, YW, and testicular volume measured at different ages were positive and of small to medium magnitude (Table 3) , suggesting that long-term selection based only on BW traits should result in animals with greater testicular volume, especially after 12 mo of age. Because the genetic correlations between scrotal circumference at 12 and 18 mo of age and even between testicular volume at the same ages were greater than 0.80, the selection of males based on these traits can be made at either age, with the choice depending on the facility of management of the animals. As expected, the genetic correlations estimates between these 2 measures of testicular size, both at 12 and 18 mo of age, were strong (Table 3) . Therefore selection for either of these measures (scrotal circumference or testicular volume) should result in changes in the same direction in the other measure. Evans et al. (1999) , working with Hereford cattle data, suggested that any advantage in bull fertility associated with scrotal circumference seems to occur as a threshold effect and that selection should be for optimal scrotal circumference. Further studies are necessary to determine if there is an optimal scrotal circumference size and its threshold value in Nellore cattle.
In most breeding programs in tropical countries only BW, measured at different ages, and scrotal circumference have been used as selection criteria. Consequently, in view of the difficulty in measuring testicular volume in large populations and the genetic association between BW, scrotal circumference, and testicular volume, there is no need to change the selection criterion from scrotal WW = weaning weight; YW = yearling weight; SC9, SC12, and SC18 = scrotal circumference measured at 9, 12, and 18 mo of age, respectively; TV9, TV12, and TV18 = testicular volume measured at 9, 12, and 18 mo of age, respectively.
